Poly-3-hydroxybutyrate (PHB) from various representative strains of the genera Azotobacter, Beijerinckia, and Derxia was isolated and characterized. During growth in shake culture, with glucose as a carbon and energy source, and molecular nitrogen as a nitrogen source, increase in dry weight appeared linear, and PHB formed a constant percentage of the dry weight. In a medium containing 1% (w/v) glucose, PHB declined with the onset of the stationary phase of growth; with 2% (w/v) glucose, an increase in PHB content during stationary phase was noted in the case of some strains, before a subsequent decline. The decrease in PHB as a percentage of dry cellular weight (not of total amount present in the culture) during growth of some strains with 2% as opposed to 1 % (w/v) glucose may be ascribed to a greater production of capsular polysaccharide. PHB content could not be used as a taxonomic criterion. Strain differences were as great as or greater than species differences. The only strain of Beijerinckiafluminensis obtained contained PHB, but it could not be grown on the nitrogen-free medium used. Two species of the genus Azotomonas, reported to be aerobic, nonsymbiotic nitrogen-fixers, did not grow on the nitrogen-free medium used and did not produce PHB during growth with a combined nitrogen source.
The presence of poly-,B-hydroxybutyrate (PHB) in bacteria has been recognized since 1926 (12) . The accumulation and degradation of PHB in Azotobacter chroococcum were observed by Lemoigne and Girard (13) , and Schlegel (16) has described a strain of this organism with up to 80% of its dry weight as PHB. A. vinelandii and A. agilis (6) have also been shown to contain PHB.
Interest in the role of PHB as a carbon and energy reserve and in its possible significance for taxonomy prompted us to make a survey of the occurrence of this polymer in those species comprising the family Azotobacteriaceae. A preliminary account has been presented (18 (11), with slight modifications. Liquid culture (1 ml), containing up to 2 mg of cellular material, was placed in a 10-ml glass centrifuge cone, and 9 ml of alkaline hypochlorite solution (19) was added. The mixture was incubated for about 24 hr; the resulting suspension was centrifuged and the supernatant liquid was decanted. The residue was washed twice with 10-ml portions of distilled water, acetone, and diethyl ether, before it was dissolved in concentrated sulfuric acid. OD was read at 235 m,u against a similarly treated medium blank, with a Unicam SP 500 spectrophotometer. Purified polymer samples and sodiuM DL--hydroxybutyrate were used as standards.
Infrared spectra of whole cells. Lyophilized specimens of water-washed organisms, grown in liquid culture, were pressed into KCl discs, and the spectra between 4,000 and 650 cm-' were recorded with a Unicam SP 100 spectrophotometer.
RESULTS
Maximal levels of PHB found in organisms grown in nitrogen-free medium with 1 A. insolita after incubation with glucose, indicating that PHB was not produced.
The spectrum of A. fluorescens revealed additional peaks under both conditions. The peak at 1,735 cm-' can be assigned to ester carbonyl stretching. The peaks at 1,180 and 1,300 cm-' were more difficult to assign. The former band 1800 J. BACTERIOL. could be assigned to C-0 stretching, C-N stretching in alkyl amines, or various skeletal carbon stretchings, and the latter band to P-=o stretching, 0-H bending, or CH2 scissor vibrations. A spectrum of A. beijerinckii after 48 hr of growth on nitrogen-free medium was included for comparison (Fig. 3) . The production and degradation of PHB was followed throughout the growth cycles of members of the genera Azotobacter, Beijerinckia, and Derxia. Cultures were grown on Norris' nitrogenfree medium containing 1 % and 2% glucose as carbon source. B. fluminensis was exceptional in that growth could only be obtained by supplementation of the medium with trace metals and yeast extract.
After 
DISCUSSION
Organisms that accumulate PHB, usually in the presence of excess carbon, are known generally to degrade the polymer on exhaustion of the carbon source (2) . PHB production cannot, therefore, simply be considered as a means for the removal of an injurious metabolite or as the end product of a metabolic shunt, although such factors may be contributory to its formation.
PHB provides an excellent potential carbon and energy storage compound in that it is neutral and highly reduced, and it exerts negligible osmotic pressure. It is not known whether PHB has a common function in all organisms in which it is found. It may fulfill different roles in different organisms and possibly with various environmental conditions.
The presence of a more or less constant percentage of PHB in Azotobacter during growth indicated an apparent departure from the normal pattern of reserve material production. It would appear possible that PHB accumulation during growth was the result of a metabolic "bottleneck" in respiration at the level of pyruvic oxidase or beyond, or it might have been caused by nitrogen limitation preventing the incorporation of acetyl residues into protein or by oxygen limitation preventing the removal of acetyl fragments via terminal respiration. Although all three factors might have been involved, the finding that oxygen tension as measured by an oxygen electrode fell to zero during growth of A. insigne VJ5 with free nitrogen in sparged cultures (1.5 liters of air per min per 1,200 ml of medium), and that in shake cultures of the same organism 2, 6-dichlorophenol-indophenol was reduced, suggests that oxygen limitation may contribute to PHB accumulation. In the presence of ammonium nitrate, growth of A. insigne VJ5 was more rapid than that with free nitrogen, but nevertheless linear, and PHB accumulated to similar levels under both conditions.
The behavior of A. insolita and A. fluorescens would appear to be characteristic of oligonitrophiles rather than nitrogen-fixers. Their microscopjcal appearance (10, 17) and lack of PHB would also seem to preclude any close relationship with the Azotobacteriaceae.
The ability of the one strain of B. fluminensis studied to fix atmospheric nitrogen could not be decided. The description given by Dobereiner and Ruschel (5) suggests that it is a typical Beijerinckia species. Becking (1) observed that it showed very slow growth on nitrogen-free media. The fact that cultures achieved almost identical turbidities when grown with 1 and 2% glucose suggests that here the yeast extract provides the nitrogen source. Because the property of aerobic, nonsymbiotic nitrogen fixation is the main criterion for characterizing the Azotobacteriaceae, a non-nitrogen-fixing variant of this organism may have been obtained. It may be informative to examine other strains of B. fluminensis for nitrogen-fixing ability. Serological tests with other members of the Beijerinckia may provide confirmatory evidence as to whether or not the organism is a member of the Azotobacteriaceae.
